Introduction
operated at 1500 r.p.m. and 10 torque), was collected on a glass fibre filter in a constant-volume sampler system attached to the end of a stainless steel
In recent years, diesel exhaust has been considered a serious dilution tunnel, as described previously (14, 15) . The diameter of the particles air pollutant in large cities. Several inhalation studies of diesel was measured by an Andersen air sampler of the low-pressure type; the exhaust have been done to examine its effects on health effects particle size of DEP had a mass median aerodynamic diameter of 0.4 µm.
and to assess its carcinogenic potential in humans. It has been In this study, four different diets were used: a basal fat (BF) diet containing 4% general fats; a high fat (HF) diet, containing 16% fat, in which the basal reported that diesel exhaust has carcinogenic effects in animals fat diet was enriched with 12% (w/w) commercially available corn oil; the (1-7) and that some polyaromatic hydrocarbons such as basal diet supplemented with 0.02% (w/w) β-carotene (BF-B diet); and the benzo[a]pyrene and nitroarenes, present in diesel exhaust high fat diet supplemented with 0.02% (w/w) β-carotene (HF-B diet). The particles (DEP*), are highly mutagenic and can induce pulcomposition of the BF and HF diets is shown in Table I . The BF and HF (in which 34% of calories are derived from fat) diets contained 359 and 423 kcal monary carcinoma in animals (7, 8) . However, whether these per 100 g, respectively. These pelleted diets were prepared by the Funabashi carcinogenic compounds are actually involved in the pulFarm Co. Ltd. (Chiba, Japan), and packed and sealed under nitrogen in vinyl monary carcinogenesis induced by diesel exhaust is controverbags. They were stored at 4°C until use.
sial, because of several experimental studies showing that

Animals and administration of diesel exhaust particles (DEP)
Four-hundred-and-eighty male ICR mice (4 weeks old) weighing 22-24 g were purchased from Japan Clea Co. Ltd. (Tokyo, Japan). The animals were *Abbreviations: DEP, diesel exhaust particles; O 2 , superoxide; dOH, hydroxyl radical; i.t., intratracheal; BF diet, basal fat (4%) diet; BF-B diet, basal fat divided into 16 groups of 36 animals each (Table II) . The BF diet was fed to groups 1, 5, 9 and 13; the HF diet to groups 2, 6, 10 and 14; the BF-B diet diet supplemented with β-carotene (0.02%, w/w); HF diet, high fat (16%) diet; HF-B diet, high fat diet supplemented with β carotene; to groups 3, 7, 11 and 15; and the HF-B diet to groups 4, 8, 12 and 16. All groups received the special diet for 12 months. Water was available ad libitum. hydroxydeoxyguanosine.
chromatography. The total amount of deoxyguanosine (dG) was simultaneously measured by an UV detector (A290). The content of 8-OHdG in each DNA injected with DEP and fed the BF or HF diet ranged from 10 DEP was suspended in sterile 50 mM phosphate-buffered 0.9% NaCl to 40%, the rate being highest in group 14 (0.2 mg of DEP ϩ (pH 7.4) containing 0.05% Tween 80. This suspension was sonicated for 3 min with an ultrasonic disrupter, UD-201 type with micro tip (Tomy, Tokyo, HF diet). There was a significant difference between the death Japan), under cooling conditions (14, 15) . The DEP suspension (0.1 ml/mouse) rate (10%) in group 1 (control, 0 mg DEP ϩ BF diet) and was administered with an intratracheal cannula to mice after the animals were group 14. The mortality rates in the groups fed the BF-B or anaesthetized with 4% halotane (14, 15) . Control mice, i.e. groups 1-4 were HF-B diet ranged from 13 to 53%, the rate being the highest injected intratracheally with 0.1 ml of vehicle per mouse. Groups 5-8 were in group 12 (0.1 mg DEP ϩ HF-B diet). The mortality rates injected intratracheally with 0.05 mg of DEP per mouse; groups 9-12 received 0.1 mg of DEP; and groups 13-16 received 0.2 mg of DEP. The injections of of group 3 (0 mg DEP ϩ BF-B diet) and group 12 were vehicle or DEP were repeated 10 times at weekly intervals with freshly significantly different from that of group 1. These deaths were prepared solutions. Twenty-four h after the tenth particle treatment, six mice almost exclusively due to malignant lymphomas, of which the out of each group were killed by exsanguination under deep ethyl ether incidence was highest in group 12. Lung adenocarcinomas anaesthesia, for the measurement of 8-OHdG. Twelve months after the first injection of DEP, the remaining mice were similarly killed for histological were found in one animal that died in group 6 (0.05 mg DEP examinations.
ϩ HF diet) and one in group 10 (0.1 mg DEP ϩ HF diet).
Measurement of 8-hydroxydeoxyguanosine (8-OHdG)
The deaths in both cases were due to the malignant lung
The lungs of mice injected with DEP, and those of control mice were tumour. The groups without β-carotene showed a slightly extensively perfused with 0.9% NaCl and then stored at -80°C until DNA lower mortality than the groups with β-carotene, whereas DEP extraction. As described previously (19), all the apparatus and solutions which administration or the intake of a high fat diet had no effect on came in contact with the specimens were saturated with argon gas to exclude mortality rate.
oxygen. Lungs were homogenized in a Polytron homogenizer (type PT 10/ 35) with 1 ml of buffer containing 100 mM EDTA (pH 8.0) and 150 mM
Body and organ weight
NaCl. Cellular DNA was isolated from the homogenate of each sample (120-150 mg) using a nucleic acid extractor (Applied Biosystems, Model 340A,
The average body weight in mice fed the BF and BF-B diet Foster City, CA). In this instrument, the homogenate was digested with ranged from 46.3 to 48.4 g, and the corresponding value in proteinase K (Applied Biosystems, Foster City, CA) and DNA was directly the groups fed the HF and HF-B diet from 52.7 to 57.1 g, as precipitated from the lysate with ethanol (22) . Phenol/chloroform extraction shown in Table II . The differences in body weight between was skipped, since the extraction gives rise to 8-OHdG formation in DNA each BF-fed group and each HF-fed group were significant. (23) . The extracted DNA was dissolved in 100 µl of water, denatured by heating at 95°C for 3 min and then cooled on ice. The extracted DNA was
The weights of the liver and kidneys also were higher in the digested into deoxynucleotides by treatment with 40 µg of nuclease P1 in HF-fed group than in the BF-diet fed group (data not shown).
20 mM sodium acetate buffer (pH 4.8) at 37°C for 1 h and then treated with There were no significant differences in the weight of the 0.8 units of E.coli alkaline phosphatase in 100 mM Tris-HCl (pH 7.2) at spleen, heart and testis. DEP treatment and β-carotene 37°C for 2 h. The content of 8-OHdG in the digested DNA was measured by an electrochemical detector (24) coupled with high performance liquid supplementation had no effect on body or organ weight. a ICR mice were intratracheally injected with 0, 0.05, 0.1, and 0.2 mg of DEP per mouse once weekly for 10 weeks from 6 weeks of age. b These mice were fed basal fat (BF) diet, high fat (HF) diet, BF diet ϩ 0.02% β-carotene (BF-B diet), or the HF diet ϩ 0.02% β-carotene (HF-B diet) for 12 months. c Complete histological analyses were done on all mice killed at the end of experiments and on animals that died during the course of the experiments, but were not performed on autolysed mice that died. d Number of tumour-bearing animals/number of mice analysed. e Number of tumour-bearing animals.
Food consumption Lung tumour incidence
The lung tumour incidence is shown in Table III . Mice had The dietary consumption was measured over a period of 6 days, 6 months after the commencement of these experiments, single or double tumours in the lungs, and these tumours were adenomas or adenocarcinomas. The lung tumour incidence in and was determined by weighing the amount of uneaten food and subtracting this from the amount of supplied food the day the groups fed the BF or HF diet ranged from 30 to 43% up to the 0.1 mg dose of DEP, but was decreased to 24.1% at a before in group 12 was low, because of death due to malignant lymphomas at an early stage. In the groups treated with 0-0.1 mg of DEP, the lung tumour incidence in each group treated with β-carotene was lower than that of the corresponding group without β-carotene. However, the incidence of tumours in the BF-B and HF-B groups treated with 0.2 mg of DEP was higher than that in the corresponding groups without β-carotene.
Incidence of malignant lymphomas
It has been well documented that animals with long-term exposure to high doses of diesel exhaust show a high incidence of leukemia (4). As shown in Table III , the i.t. injection of DEP induced a comparatively high incidence of malignant lymphomas (thymic or non-thymic malignant lymphoma), which were found mainly in the animals that died during the experiment. The incidence of lymphomas in group 14 (0.2 mg DEP ϩ HF diet) was 4-fold higher than that in group 1, and 2.3-fold higher than that in group 3 (Table III) without DEP. The tumour incidence in these organs in each group was very low, and DEP had no effect on tumour higher than that of group 1. A slight enhancing effect of high development in these organs, whether the animals had been dietary fat on the lung tumour formation was found in the fed the high fat diet or not. The tumours found in the groups treated with 0-0.1 mg of DEP, but also was reduced lungs were not metastases of tumours that had developed in at 0.2 mg. The incidence of malignant tumours induced by other organs. 0.05 mg and 0.1 mg doses of DEP was lowest in the groups Statistical analysis fed the BF diet. However, the incidence of malignant tumours An estimation of the effects of high dietary fat and β-carotene at these doses (groups 6 and 10) was enhanced by the feeding on lung tumourigenesis using the Mantel-Haenszel (MH) of high dietary fat.
analysis and of the dose effect of DEP on lung tumourigenesis In the groups fed the BF-B diet, the tumour incidence using the Mantel-extension test is shown in Table IV . Data increased dose-dependently up to the 0.1 mg dose of DEP, but analysed among the groups treated with 0-0.1 mg of DEP are was decreased at 0.2 mg, a finding similar to the groups shown in Table IV . The probability levels by statistical analysis without β-carotene. In the groups fed the HF-B diet, the suggest that β-carotene has a preventive effect on the developtumour incidence increased dose-dependently, except in group ment of tumours, particularly malignant lung tumours, and 12 (0.1 mg DEP ϩ HF-B diet), in which the number of that high dietary fat has an enhancing effect on the development animals that died from malignant lymphomas was the highest. of adenocarcinomas. Furthermore, DEP definitely has a dose The tumour incidence in the HF-B group was somewhat higher than that in the groups fed the BF-B diet. The tumour incidence effect on total tumour development until 0.1 mg dose of DEP.
Non-neoplastic pulmonary pathology
The non-neoplastic lung lesions observed in the mice 24 h after the tenth DEP treatment have been reported separately (27), but are briefly documented here for the sake of comparison with the tumourigenic changes. In non-neoplastic lung lesions, carbon particles were present within the intra-alveolar or interstitial macrophages, and were found in aggregates within the interstitum of alveolar septa, the submucosal layer of bronchi and bronchioles, the alveolar duct walls and the peribronchiolar lymphoid nodules, which were enlarged. There was a moderate to marked inflammatory response in the submucosal layer of bronchi and bronchioles, a hyperplastic alteration of non-ciliated bronchiolar cells and goblet cells in the bronchial epithelium, and a thickening of the peribron- macrophages, and these particles remained in the alveolar septa, alveoli and the tumours, suggesting that DEP is cytotoxic to macrophages (15) and that phagocytosis of DEP occurred in the lungs. The number of macrophages with DEP was highest in the lungs of mice treated with 0.2 mg dose of DEP. Slight fibrosis was found in these areas with DEP. Occasional alveolar cell hyperplasia also was observed. However, no lesions of bronchi and bronchioles due to the inflammatory response were observed.
Formation of 8-hydroxydeoxyguanosine (8-OHdG)
The contents of 8-OHdG in mouse lung DNA after the DEP treatment are shown in Figure 1 . The 8-OHdG levels in mice fed the BF diet without β-carotene were increased dosedependently. The contents of 8-OHdG at doses of 0.1 and 0.2 mg of DEP were significantly higher than that in non-DEP treated controls. The levels of 8-OHdG in mice fed the HF diet were further increased. Similar DEP dose-dependent increases in 8-OHdG and further increases in the HF diet group were also observed in the β-carotene supplemented groups. The groups treated with 0.1 or 0.2 mg of DEP had significantly different levels of 8-OHdG from the group treated carotene non-supplemented groups were higher compared to those in the β-carotene supplemented groups, and a significant Discussion preventive effect was observed among the group fed the HF diet at a dose of 0.2 mg of DEP. Thus, intake of β-carotene
The purpose of this study was to determine the role of oxygen suppressed the formation of 8-OHdG in lung DNA induced radicals in lung carcinogenesis induced by DEP. For this by DEP. However, the differences between β-carotene nonpurpose, mice were treated with three doses of DEP, and high supplemented groups and β-carotene supplemented groups dietary fat and/or dietary β-carotene. DEP produced increases were not statistically significant at all doses of DEP (other in lung tumour incidence within 12 months, and 8-OHdG than the observed difference between the HF group and the formation induced by oxidative processes and high dietary fat HF-B group at a dose of 0.2 mg).
enhanced the development of malignant tumours by DEP. β-Correlation between tumour incidence and 8-OHdG formation carotene provided partial prevention against 8-OHdG formation in lungs and development of benign or malignant tumours induced by a combination of high dietary fat and DEP. Figure 2 shows the correlation of the mean values of 8-OHdG with lung tumour incidence. The tumour incidence at doses of The mechanism of lung carcinogenesis induced by diesel exhaust is not fully understood. However, it is thought that 0.05 and 0.1 mg showed a significant correlation with the measured values of 8-OHdG (PϽ0.001, PϽ0.05). The tumour the carcinogenic compounds present in DEP may contribute to the development of lung cancer induced by diesel exhaust, incidence at 0.2 mg did not show a significant correlation with the values of 8-OHdG.
since carcinogenic compounds such as benzo[a]pyrene and nitro-polyaromatic hydrocarbons could form DNA adducts of tumour development via modulation of the formation of 8-OHdG. which are involved in carcinogenesis (28), and since these
The tumour incidence in the BF and HF groups treated with chemicals have been shown to induce pulmonary carcinoma a higher dose (0.2 mg) of DEP, in spite of the higher levels in animals (7, 8) . However, the carcinogenic mechanism of of 8-OHdG, was lower than that in each BF and HF group DEP or diesel exhaust is controversial, since carbon black treated with lower doses (0.05 and 0.1 mg) of DEP. We (CB) and titanium dioxide (TiO 2 ), both of which are non-toxic previously reported that high doses of DEP were cytotoxic to and devoid of genotoxic polyaromatic compounds (11, 12) , have pneumocytes (15) . In the present study, diesel soot still been found to cause lung tumour, as does DEP. Furthermore, the remained in lungs of mice treated with 0.2 mg of DEP after incidence of tumours induced by these particles depends on 12 months. Therefore, it is possible that the cytotoxicity of the concentration of cumulative exposure (11) (12) (13) . Some DEP accumulating in lung tissue over long time periods may reports have suggested that the elementary carbon particles in also have a deleterious effect even on growth of tumour cells. DEP play an important role in the lung carcinogenesis induced
The cytotoxicity of DEP on tumour cells may cause a decreased by DEP. Particle overloading (the progressive reduction of incidence of lung tumour in the groups treated with a higher particle clearance from the lung by phagocytic cells) is dose of DEP, in which quinone-like compounds associated associated with pathologic lung changes, including an inflamwith the cytotoxicity of DEP may act as antitumour quinones, matory response, fibrosis and tumours (29-31). Oxygen radicals such as Mitomycin C or Menadione (49,50). Therefore, the are released during the phagocytosis of particles. For example, lung tumour incidence at this 0.2 mg dose of DEP did not it has been reported that the active oxygen species released show a significant correlation with the values of 8-OHdG at by the phagocytosis of asbestos fibres may be related to the the dose of DEP. Such reductions in tumour incidence at high development of malignant tumours and fibrotic diseases of the carcinogen doses have been made in experimental studies of lung (32). We have recently found that O 2 -and ·OH were tumour promotion by ozone (51). enzymatically generated from DEP by the following process:
The incidence of lung tumours at the 0.2 mg dose of DEP soot-associated quinone-like compounds are reduced to the was higher in the groups with β-carotene than in the groups semiquinone radical by cytochrome P-450 reductase, and these without β-carotene. This inverse effect of β-carotene on lung semiquinone radicals reduce O 2 to O 2 -, and the produced tumourigenesis may be due to a β-carotene-related reduction superoxide reduces ferric ions to ferrous ions, which catalyses in DEP cytotoxicity to tumour cells. Although β-carotene the homobiotic cleavage of H 2 O 2 dismutated from O 2 by has been considered to be a cancer preventive agent, three superoxide dismutase or spontaneous reactions, to produces epidemiological studies from Finland and USA showed a ·OH, which causes DNA damage in vitro (33). This idea is negative association between β-carotene and the incidence of supported by the DEP dose-dependent increase in 8-OHdG lung cancer among male smokers. In fact, the mortality due seen in this study. Therefore, it is presumed that the oxygen to lung cancer was apparently higher in the groups that received radicals released during phagocytosis and generated by enzym-β-carotene than in those that did not (52-54). We speculate atic or non-enzymatic reactions in the lungs could be related that β-carotene may promote the development of lung cancer to the formation of 8-OHdG or lung toxicity associated with in the cases of extreme cigarette smoking in a manner similar the inflammation induced by DEP. The accumulation of 8-to that seen with higher doses of DEP. OHdG as a marker of oxidative DNA damage induced by the DNA adducts formation by metabolites of soot-associated repeated DEP treatment could be an important factor in organic compounds may be one step in the initiation of diesel enhancing the mutation rate leading to lung cancer (Figure 3) . exhaust-induced pulmonary carcinogenesis (55) . This study It has been well documented that high dietary fat enhances presented additional evidence to suggest that the induction of cancer risk in animals and humans (34-41). In particular, oxidative DNA damage may be an important factor in the increased intake of ω-6 polyunsaturated fatty acids, such as initiation of DEP-induced lung carcinogenesis. Two dietary linoleic acid present in corn oil, enhances tumour development factors, high dietary fat and β-carotene, may also affect the (42). Similar enhancing effects were also observed in this risk of DEP-induced lung cancer in humans. study. It has been proposed that the high intake of dietary fat causes an increased production of free radicals and oxidation
